Middlekauff HR, Park J, Agrawal H, Gornbein JA. Abnormal sympathetic nerve activity in women exposed to cigarette smoke: a potential mechanism to explain increased cardiac risk. Am J Physiol Heart Circ Physiol 305: H1560 -H1567, 2013. First published August 30, 2013 doi:10.1152/ajpheart.00502.2013.-In women, cardiac deaths attributable to tobacco exposure have reached the same high levels as men. Normally, sympathetic nerve activity (SNA) fluctuates according to the menstrual phase, but in habitual smokers, SNA levels remain constant. Our purpose is to extend these observations to other groups of women exposed to tobacco smoke and to explore potential mechanisms. We hypothesize that women exposed to secondhand smoke, but not former smokers, have nonfluctuating SNA compared with never smokers, and that impaired baroreflex suppression of SNA, and/or heightened central SNA responses, underlie this nonfluctuating SNA. We also hypothesize that female smokers have impaired nocturnal blood pressure dipping, normally mediated by modulation of SNA. In 49 females (19 never, 12 current, 9 former, 9 passive smokers), SNA was recorded (microneurography) during high-and low-hormone ovarian phases at rest, during pharmacological baroreflex testing, and during the cold pressor test (CPT). Twenty-four hour blood pressure (BP) monitoring was performed. Current and passive smokers, but not former smokers, had a nonfluctuating pattern of SNA, unlike never smokers in whom SNA varied with the menstrual phase. Baroreflex control of SNA was significantly blunted in current smokers, independent of menstrual phase. In passive smokers, SNA response to CPT was markedly increased. Nondipping was unexpectedly high in all groups. SNA does not vary during the menstrual cycle in active and passive smokers, unlike never and former smokers. Baroreflex control of SNA is blunted in current smokers, whereas SNA response to CPT is heightened in passive smokers. Smoking cessation is associated with return of the altered SNA pattern to normal. baroreflex control; tobacco; autonomic nervous system; cardiac risk in women ALTHOUGH RISK OF DEATH from cigarette smoking has plateaued in men in the United States, the mortality risk continues to increase in women (50). In fact, risk, specifically cardiovascular risk, attributable to smoking in women is now the same as the high levels found in men (50). In both men and women, smoking cessation dramatically decreases this risk (50). Of further concern, the recent analysis of the Nurses' Health Study, which prospectively followed over 100,000 women without known coronary artery disease at baseline, revealed a strong dose-response relationship between cigarette smoking and sudden cardiac death (48). Consistent with prior reports (44), in this study even small amounts of daily cigarette consumption significantly increased sudden death risk in women. Once again, smoking cessation was associated with a significant decline in this sudden cardiac death risk (48). Although not examined in either of these recent studies, exposure to secondhand cigarette smoke ("passive smoking") has also been identified as an important cardiovascular risk factor in women (6).
consumption significantly increased sudden death risk in women. Once again, smoking cessation was associated with a significant decline in this sudden cardiac death risk (48) . Although not examined in either of these recent studies, exposure to secondhand cigarette smoke ("passive smoking") has also been identified as an important cardiovascular risk factor in women (6) .
Although heart disease is the number-one killer in both men and women in the United States, the onset of heart disease in women compared with men is delayed by about a decade (7) . Importantly, cigarette smoking in women obliterates this delay (7) . Cigarette smoking is the most important modifiable risk factor for cardiac disease, and its risk is greatest in premenopausal women (37) . In women ages [35] [36] [37] [38] [39] [40] [41] [42] [43] [44] , cigarette smoking confers a relative risk of myocardial infarction of 7.1, a much greater adverse effect than that found in similarly aged men who smoke (37) . The mechanisms conferring the delay in cardiac disease in women, which is then eliminated by smoking, are unknown, but are presumably related to endogenous ovarian hormones. In premenopausal women, ovarian hormone levels undergo dramatic monthly fluctuations related to the menstrual cycle. Estrogen and progesterone are lowest during the early follicular (EF) phase, during menstrual flow, and peak during the midluteal (ML) phase, approximately 1 wk after ovulation. We (33, 40) , and others (34) , have found that in women who have never been exposed to tobacco smoke ("never smokers"), sympathetic nerve activity (SNA) also fluctuates during the menstrual cycle; SNA is lower during the EF phase, and higher during the ML phase. However, in current smokers, we found a different pattern (40) . We found that in current smokers, SNA does not fluctuate during the menstrual cycle, despite the normal fluctuation of ovarian hormones (40) . SNA is known to be a culprit in increasing cardiovascular risk in many patient populations, including patients with coronary artery disease, heart failure, and perioperative patients (4, 18, 19) ; altered SNA levels may also underlie the increased cardiovascular risk conferred by cigarette smoking.
Resting central sympathetic outflow directed to the heart and muscle is tonically suppressed by peripheral baroreceptors (reviewed in Ref. 5 ) and is also influenced by central nervous system factors as well (selected factors reviewed in Refs. 3, 11, 20) . Acute tobacco exposure increases SNA in habitual smokers, by impairing baroreflex sensitivity (21, 30) as well as through central mechanisms (35) . Importantly, the effect of chronic tobacco exposure on the baroreflex has not been studied. The goals of the current study are three. 1) One goal is to extend our knowledge of the pattern of SNA in premenopausal women exposed to tobacco smoke, including former smokers and passive smokers. We hypothesize that SNA levels will fluctuate during the menstrual cycle in former smokers, similar to the rising and falling SNA levels in never smokers, but not passive smokers, in whom SNA levels will be fixed.
2) We will investigate two potential mechanisms underlying the altered pattern of SNA in women exposed to tobacco smoke, including abnormal baroreflex control of SNA, and heightened central sympathetic responsiveness to a non-baroreflex-mediated stimulus [cold pressor test (CPT)]. We hypothesize that women exposed to tobacco smoke (current and passive smokers) will have altered, specifically attenuated, baroreflex control of SNA compared with never or former smokers. Third, since fluctuations in SNA underlie the nocturnal fall in blood pressure (dipping) (13, 25, 36) , which is associated with lower cardiovascular risk (1, 14, 15, 26, 38) , we will measure ambulatory blood pressures for 24 h in our subjects to determine if there is an increased incidence of nondipping in women exposed to tobacco smoke compared with those never exposed. We hypothesize that the incidence of nondipping will in fact be greater in those exposed to tobacco smoke (current and passive smokers).
MATERIALS AND METHODS

Subjects.
A total of 49 healthy premenopausal women, not taking oral contraceptive pills (OCPs), participated in these studies: 19 never smokers, 12 current smokers, 9 former smokers (quit Ͼ 1 yr), and 9 never smokers regularly exposed to secondhand smoke (exposure Ͼ1 h/wk by roommates n ϭ 7; or by close social contact, n ϭ 2). All were between the ages of 18 and 45 yr, with no chronic medical problems, did not use illicit drugs or drink Ն 2 alcoholic drinks per day, and were on no medications including OCPs or nicotine gum/patches. No subjects were in exercise training programs. All had regular menstrual cycles of ϳ4 wk duration. The experimental protocol was approved by the Institutional Review Board at the University of California, Los Angeles, and written informed consent was obtained from each volunteer.
Experimental protocol. All volunteers were studied twice at approximately the same time of day, in a randomized order. Volunteers were studied on 1) days 1-4 after onset of menstrual flow (EF phase, "low hormone"), and 2) days 8 -10 after detection (Midstream Ovulation test, Early-Pregnancy-Test.com) of the luteinizing hormone surge (ML phase, "high hormone"). Phase of menstrual cycle was confirmed by plasma estrogen and progesterone levels.
On the morning of the study, volunteers were permitted a light breakfast but abstained from caffeine and tobacco for at least 12 h before the study. A urine pregnancy test (Pregnancy Test strip, Early-Pregnancy-Test.com) was performed before each study. Volunteers were studied in a supine position in a quiet, semidark, temperature-controlled (21°C) Human Physiology Laboratory located in the UCLA General Clinical Research Center. An intravenous catheter was placed in the dominant arm for blood tests and drug infusion. A blood pressure (BP) cuff was placed on the upper arm, and electrocardiogram (ECG) patch electrodes were placed on the upper chest. The leg was positioned for microneurography, and a tungsten electrode was inserted into the peroneal nerve to obtain a satisfactory muscle (M) SNA recording. After a 10-min rest period, MSNA, HR, and BP were recorded for 10 min. The volunteer then performed the CPT by placing her hand in an ice water slurry for 2 min, while MSNA, HR, and BP were recorded. After a 20-min recovery period, arterial baroreflex activation (phenylephrine) and deactivation (nitroprusside) of SNA were performed. The laboratory study was then over. Prior to leaving the laboratory, the volunteer was fitted with a 24-h ambulatory blood pressure monitor (Ambulatory Blood Pressure Ultralite Monitor-90217, Spacelabs Healthcare, Issaquah, WA), which recorded systolic (SBP), diastolic (DBP), and mean arterial blood pressure (MAP) every 20 min while the volunteer was awake, and every 30 min during sleep.
Measurements. MSNA was recorded using microneurography from the peroneal nerve as previously described (12, 33, 40, 52) . Lead II of the ECG was recorded simultaneously with the neurogram using a multichannel digital data recorder (LabChart6 Pro, AD Instruments). MSNA was identified using previously described methods, and a satisfactory neurogram exhibited a signal-to-noise ratio Ͼ3:1. Sympathetic bursts were determined by visual inspection by a single investigator (H.R.M.) without knowledge of the volunteer's menstrual phase or smoking status. MSNA was expressed as burst frequency (bursts/min) and bursts per 100 heart beats (bursts/100 hb). Total activity per minute was determined by the sum of the heights of individual bursts per minute. Baroreflex activation and deactivation of MSNA was determined by recording BP every 2 min, and HR and MSNA continuously during three different 5-min infusions of phenylephrine and nitroprusside, respectively, in a closed-loop gain approach that includes multiple integrated responses (17, 22, 33) . Phenylephrine was infused incrementally at doses of 0.3, 0.6, and 0.9 g·kg Ϫ1 ·min Ϫ1 , and nitroprusside was infused incrementally at doses of 0.4, 0.8, and 1.2 g·kg Ϫ1 ·min Ϫ1 , 5 minutes per infusion (17, 22, 33) . BP, HR, and MSNA were averaged for each 5-min period. During 24-h ambulatory blood pressure recordings, the blood pressure monitor was preprogrammed with the volunteer's estimate of her sleep time and wake up time that day. SBP, DBP, and MAP were calculated by the device for the entire 24-h recording period, as well as for the wake and sleep periods. A "dipper" was defined as a day-night dip in SBP, DBP, or MAP Ն10% according to the American Heart Association Scientific Statement (43) .
Statistical analysis. Statistical analysis was performed by J.A.G. using SAS software (SAS 9.2, SAS, Cary, NC). Means were compared using a 4 ϫ 2 repeated-measures analysis of variance (ANOVA) models for comparisons across the four groups and between EF low-hormone and ML high-hormone menstrual phases. The pairwise mean comparisons under this ANOVA model were assessed using the Fisher least significant difference (Fisher LSD) criterion.
Absolute change from baseline was used as outcomes for SNA, HR, and MAP. For the baroreflex sensitivity analysis, for each subject and menstrual phase, the six (2 drugs, 3 doses per drug) SNA changes (measured as bursts/min, bursts/100 hb, and total activity per minute) or HR changes (beats/min) from baseline values were regressed on the corresponding six MAP changes from baseline values to compute the SNA change or HR change per unit of MAP change rate (slope) for that subject and menstrual phase, a direct measure of the relationship between change in SNA or HR and change in MAP. The mean rates were then compared by group and menstrual status using the repeatedmeasures ANOVA as above. Estrogen and progesterone were compared on the log scale since their distribution followed the normal on this scale. Therefore geometric means are reported for estrogen and progesterone.
Results are reported as means Ϯ SE. A P value Յ 0.05 was considered statistically significant.
RESULTS
Descriptive characteristics. Age (P ϭ 0.38) and body mass index (P ϭ 0.09) are displayed on Table 1 and did not differ among the groups. Current smokers smoked an average of 8.1 Ϯ 1.6 cigarettes per day for a mean duration of 9.4 Ϯ 2.0 yr. Former smokers had smoked an average of 10.9 Ϯ 3.5 cigarettes per day for a mean duration of 3.2 Ϯ 1.1 yr, and had stopped smoking an average of 3.9 Ϯ 1.1 yr prior to the study. Passive smokers were exposed to cigarette smoke a mean of 7.9 Ϯ 2.7 h/wk. Progesterone and estrogen were significantly higher during the ML phase compared with EF phase in each group (Table 1) .
Resting sympathetic nerve activity and hemodynamics. Resting MSNA was compared among the four groups at both EF and ML phases of the menstrual cycle to determine if MSNA levels waxed and waned in former and passive smokers similar to the pattern seen in never smokers (33, 40), or if the MSNA level remained relatively fixed, as previously seen in current smokers (40) . We found a menstrual phase effect (P ϭ 0.0001), no smoking effect (P ϭ 0.70), and a menstrual phase ϫ smoking interaction (P ϭ 0.0080). As displayed in Fig. 1 , MSNA was significantly lower during the EF (low-hormone) phase compared with the ML (high-hormone) phase in both the neversmoker and former smoker groups, but not in the current smoker or passive smoker groups. Results were the same when MSNA was analyzed as bursts/100 heart beats ( Table 2) . Resting HR (menstrual phase effect P ϭ 0.10, smoking effect P ϭ 0.21, menstrual phase ϫ smoking interaction P ϭ 0.91) and MAP (menstrual phase effect P ϭ 0.76, smoking effect P ϭ 0.25, menstrual phase ϫ smoking interaction P ϭ 0.71) were not different among the groups.
Baroreflex control of MSNA and HR. Since baroreflex input tonically inhibits central MSNA outflow, we tested the hypothesis that baroreflex sensitivity would vary according to the phase of the menstrual period in never smokers and former smokers in whom MSNA varies according to menstrual period, but that this pattern would be altered in the current and passive smokers in whom MSNA does not vary.
In fact, we did find a menstrual phase effect (P ϭ 0.039), and smoking effect (P ϭ 0.042) but not a menstrual phase ϫ smoking interaction (P ϭ 0.46). Baroreflex control of SNA tended to be greater (steeper slope) during the ML phase compared with the EF phase in all groups except the current smokers group, but this tendency did not reach statistical significance in any of the individual groups.
On the other hand, baroreflex control of SNA was significantly attenuated in the current smokers compared with never smokers during both phases of the menstrual period ( Fig. 2A) . Results were the same when MSNA was analyzed as bursts per minute and bursts per 100 heart beats (data not shown).
Conversely, baroreflex control of HR did not differ according to menstrual phase (P ϭ 0.35) or smoking group (P ϭ 0.44), and there was no menstrual phase ϫ smoking interaction (P ϭ 0.11) (Fig. 2B) .
Cold pressor effect on MSNA. Since central factors also determine resting MSNA levels, we next explored the possibility that a strong, non-baroreflex-mediated stimulus such as the CPT would elicit differing MSNA responses according to menstrual phase in never and former smokers but not in current and passive smokers, suggestive of a non-baroreflex influence determining MSNA levels. We did not find a menstrual phase effect (P ϭ 0.46), but there was a smoking effect (P ϭ 0.036). There was no menstrual phase ϫ smoking interaction (P ϭ 0.44). MSNA (total activity/minute) responses to CPT were significantly greater, in fact ϳ100% greater, in the passive smokers during both phases of the menstrual cycle compared with all other groups (Fig. 3A) . Results were the same when MSNA was analyzed as bursts per minute and bursts per 100 heart beats (data not shown). MAP response (menstrual phase effect P ϭ 0.52, smoking effect P ϭ 0.29, menstrual phase ϫ smoking interaction P ϭ 0.45), and HR response (menstrual phase effect P ϭ 0.95, smoking effect P ϭ 0.71, menstrual phase ϫ smoking interaction P ϭ 0.76) during CPT were not different among the groups (Fig. 3, B and C) .
Ambulatory 24 h BP recordings. Since fluctuations in SNA underlie the nocturnal fall in blood pressure (dipping), which is associated with lower cardiovascular risk, we measured ambulatory BP for 24 h in all groups during each menstrual phase to determine if there was an increased incidence of nondipping in active and/or passive smokers compared with never and/or former smokers, and if this varied according to menstrual Comparison of resting sympathetic nerve activity (bursts per minute) in premenopausal women who are never, current, former, and passive smokers, according to menstrual phase. There was a menstrual phase effect (P ϭ 0.0001), no smoking effect (P ϭ 0.70), and a menstrual phase ϫ smoking interaction (P ϭ 0.0080). Muscle sympathetic nerve activity (MSNA) was significantly lower during the early follicular (EF; low-hormone) phase compared with the midluteal (ML; high-hormone) phase in both the never-smoker (*P Ͻ 0.00001) and former smoker (**P Ͻ 0.02) groups, but not in the current smoker (P ϭ 0.48) or passive smoker (P ϭ 0.65) groups. (Table 3) . Although the incidence of nondipping was surprisingly high (Fig. 4) , there was no difference in nondipping between menstrual phases within any of the groups, or within menstrual phases among the groups. Data shown are MAP (Fig. 4) and are not different when analyzed by SBP or DBP.
DISCUSSION
The major findings of this study are the following. 1) In premenopausal women who are current or passive smokers, sympathetic outflow does not fluctuate over the menstrual cycle, unlike never smokers, in whom MSNA is higher during the ML phase and lower during the EF phase. 2) In former smokers who have quit smoking at least 1 yr, the pattern of sympathetic outflow fluctuates during the menstrual cycle, similar to never smokers. 3) In current smokers, baroreflex control of MSNA is attenuated during both phases of the ovarian cycle. 4) During a strong non-baroreflex stimulus, the cold pressor test, premenopausal women who are passive smokers have an exaggerated sympathetic response, approximately twice that of never smokers. 5) The incidence of the nocturnal fall in blood pressure ("dipping"), which is mediated by a circadian rhythm in SNA, was not different between women exposed and not exposed to tobacco smoke.
In premenopausal women not taking OCPs, we (33, 40) , and others (34) , have reported that resting MSNA follows a predictable pattern during the ovarian cycle characterized by higher levels during the ML phase, and lower levels during the EF phase; however, this pattern is disrupted in current smokers, in whom MSNA does not decline in the EF phase, resulting in a greater overall sympathetic burden (40) . The present study confirms these findings and extends them to women who are former smokers or passive smokers. Consistent with reports that women exposed to secondhand smoke have increased cardiac risk-on par with that of current smokers(6)-MSNA in these passive smokers also followed the same pattern seen in current smokers. Similarly, consistent with the recent large population studies confirming that smoking cessation is associated with a marked reduction in cardiovascular mortality and sudden death risk (48, 50) , MSNA in these former smokers followed the normal pattern found in never smokers. These findings support the notion that abnormal levels of SNA in premenopausal women exposed to cigarette smoke, via both active smoking and passive exposure, contribute to their increased cardiovascular risk, and that cardiovascular risk and the normal, fluctuating pattern of SNA over the menstrual cycle can be restored with smoking cessation. A) and heart rate (HR; B) in premenopausal women who are never, current, former, and passive smokers, according to menstrual phase. A: baroreflex sensitivity (BRS) (total activity SNA·min Ϫ1 ·mmHg Ϫ1 ) was significantly blunted during both menstrual phases in current smokers compared with never smokers. BRS was not different between menstrual phases in any group. Results were the same when MSNA was measured as bursts/min or bursts/100 heart beats (data not shown). *P Ͻ 0.03, never smokers vs. current smokers. B: baroreflex control of HR was not different between menstrual phases in any group. TA, total activity.
Input from the peripheral baroreceptors tonically suppresses central sympathetic outflow, and acute fluctuations in this input help maintain blood pressure at a steady state. Attenuation of baroreflex sensitivity has been reported in conditions associated with chronically elevated MSNA, such as heart failure (5, 32). Although we observed a trend toward higher baroreflex sensitivity during the ML phase compared with the EF phase overall, baroreflex sensitivity was not significantly different during the menstrual cycle in any of the individual four groups, including never smokers, consistent with our prior study (33) . However, the impact of chronic cigarette smoking on baroreflex sensitivity, independent of menstrual phase, was significant, and remarkable.
We found that baroreflex sensitivity was significantly attenuated in the current smokers during both menstrual phases, low-hormone EF and high-hormone ML; stated differently, current smokers have attenuated suppression (flatter slope) of MSNA compared with never smokers independent of hormonal influences. This finding does not directly explain why MSNA varies with the ovarian cycle in never smokers but not in current smokers, unless the blunted baroreflex attenuation of MSNA obscures any subtler variation in MSNA mediated by the ovarian hormones. It may, however, have important implications for understanding the poor prognosis and increased mortality risk in current smokers. Attenuated baroreflex sensitivity [most often baroreflex control of HR (16, 27, 28) , but baroreflex control of MSNA as well (23)] has been identified as an independent risk factor for adverse cardiac events, including increased mortality, ventricular arrhythmias, and sudden arrhythmic death risk, in several populations, including postmyocardial infarction, chronic heart failure, and chronic hypertension populations (16, 23, 27, 28) .
This novel finding of attenuated baroreflex suppression of MSNA in current smokers may be explained by abnormal transmission of arterial stretch, and/or abnormalities localized to the baroreceptor nerve endings themselves. In otherwise healthy teenagers and young adults without peripheral vascular disease, chronic active and passive tobacco exposure has been associated with increased vascular stiffness; vascular reactivity mediated by nitric oxide was found to be impaired (9, 10) . Thus fluctuations in blood pressure transmitted to the baroreceptors through changes in stretch of the vascular wall are dampened. This impairment was reversible with elimination of tobacco exposure (9, 10). Thus decreased endothelium-dependent reactivity, a potentially reversible cause of increased vascular stiffness, may contribute to the attenuated baroreflex sensitivity in our study.
Another potential mechanism underlying the attenuated baroreflex sensitivity in current smokers may be a direct sequela of the particles and noxious compounds contained in cigarette smoke altering the baroreceptor afferent nerve endings themselves. In recordings from the carotid sinus nerves in animal models, reactive oxygen species (ROS) have been found to significantly attenuate baroreceptor activity in a dose-dependent and, importantly, reversible manner (29, 41) . Increased smokinginduced ROS in current smokers may directly, yet reversibly, impair baroreflex sensitivity. Interestingly, intravenous administration of high doses of the antioxidant ascorbic acid acutely improves baroreflex sensitivity in hypertensive patients, and in patients with chronic heart failure, further supporting the notion that exposure to ROS may play an important role in , and HR (C) during cold pressor testing (CPT). A: increase in SNA during CPT, a strong, non-baroreflex-mediated stimulus, was markedly augmented in passive smokers compared with all other groups. The increase in SNA was not different between the menstrual phases in any of the groups. Results were the same when MSNA was measured as bursts/min or bursts/100 heart beats (data not shown). *P Ͻ 0.01, passive smokers vs. never, current, or former smokers. B: increase in MAP was not statistically different between any group or menstrual phase. C: increase in HR was not statistically different between any group or menstrual phase.
attenuated baroreflex sensitivity in disease (8, 42) . Antioxidants such as ascorbic acid improve endothelial function in habitual smokers, but the effect of antioxidants on baroreflex sensitivity in habitual smokers remains untested (24, 46) . Surprisingly, despite the nonfluctuating pattern of MSNA present in passive smokers, baroreflex sensitivity was not attenuated in passive smokers compared with never smokers. This is suggestive of a different, non-baroreflex-mediated mechanism of altered central sympathetic outflow induced by exposure to secondhand smoke. Consistent with this possibility, passive smokers had a remarkably different response to the CPT compared with never smokers; there was an exaggerated increase in SNA during CPT, approximately twice that of never smokers. The explanation for the exaggerated SNA response during CPT among passive smokers may be attributable to differences in the quantity or quality of smoke exposure. First, secondhand smoke exposure is likely shorter duration in our subjects: ϳ8 h/wk of smoke exposure for passive smokers vs. ϳ8 cigarettes/day in current smokers. It has been hypothesized that a lower exposure time to smoke in passive smokers compared with habitual smokers is insufficient to induce protective countermechanisms, such as induction of antioxidant enzyme activity (31, 39, 47) . Smoke exposure in this setting may, paradoxically, be more lethal on a minute-tominute basis compared with habitual smokers, thus explaining the nonlinear smoke exposure-response curve (44) .
Second, the nature and characteristics of unfiltered secondhand smoke ("sidestream smoke") are different from those of smoke drawn through a filtered cigarette ("mainstream smoke"). Tobacco smoke is divided into two phases: the tar (particulate) phase, which is trapped by the filter, and the gas phase, which passes through the filter. The particulate matter (PM) in the tar phase includes airborne material of Ͼ0.01 m, whereas PM in the gas phase is Ͻ0.01 m. Exposure to PM Ͻ 2.5 m (PM 2.5 ) is associated with increased cardiovascular mortality (45) . Secondhand smoke contains ϳ85% sidestream (unfiltered) smoke and 15% exhaled mainstream smoke and thus has a higher concentration of unfiltered, toxic compounds and PM 2.5 (2) . In summary, since, in current and passive smokers, the smoke stimulus is different quantitatively (time exposed) and qualitatively (type of smoke/PM size), the interaction with the baroreceptors and the central nervous system may also differ.
Just as MSNA rises and falls over the course of a month in concert with rise and fall of ovarian hormones, MSNA is known to rise and fall within the course of 24 h, increasing during waking hours, and decreasing profoundly during deep stages of sleep (49) . BP follows this 24-h rise and fall, and a Ͼ10% falling systolic, diastolic, and/or mean arterial pressure from wakefulness to sleep ("dipping") is healthful; conversely, nondipping is associated with increased cardiovascular risk (1, 14, 15, 26) . Recently, short-term exposure to air pollution, characterized by PM size Ͻ 10 m, was found to be associated with blunted nocturnal dipping in a population of city-dwelling adults (51) . We asked the question whether there is a difference in the incidence of dipping between smoking status and/or the phases of the menstrual cycle among the four study groups. The results were clear: there was no difference according to smoking status or menstrual cycle phase. Interestingly, however, there was an unexpectedly high incidence of nondipping in all groups. Nondipping has been identified as a cardiac risk factor in certain diseases, such as hypertension and chronic kidney disease, but its specificity in a normotensive, healthy population, including current and passive smokers, is unknown.
Limitations. In this study of relatively young premenopausal women, we found that current tobacco exposure is associated with attenuated baroreflex control of MSNA. From these studies, we do not know whether this is an age-and/or sex-specific finding, or whether habitual tobacco exposure in older women and men is also associated with impaired baroreflex sensitivity. This is an important question, which may have mechanistic implications explaining why active tobacco exposure increases cardiac mortality and sudden cardiac death in older women and in men as well. Although the overall number of subjects enrolled in these studies was relatively large (ϳ50), the number per group was not. Thus although we found an overall statistically significant relationship between menstrual phase and baroreflex sensitivity, we did not find a statistically significant relationship within any of the groups. Perhaps with a larger number of subjects in each group, we would have found a statistically significant relationship. Ascorbic acid has been shown to reverse, at least temporarily, endothelial dysfunction in habitual smokers. Since we hypothesize that a smoking-related increase in ROS may underlie the impaired baroreflex control in current smokers, it would have been of interest to administer ascorbic acid and reassess baroreflex sensitivity. Whereas this intervention was beyond the scope of the current study, it will be of interest to pursue this potentially therapeutic intervention in follow up studies.
In summary, in premenopausal women never smokers and former smokers, in whom cardiac risk is not increased, SNA directed to muscle follows a cyclical pattern, increasing during the ML high-hormone phase, and decreasing during the EF low-hormone phase. In contrast, in current and passive smokers, in whom cardiac and sudden death risk is increased, SNA remains at a relatively constant level throughout the menstrual cycle, despite the normal fluctuating ovarian hormone pattern. Importantly, in current smokers, baroreflex control of MSNA is significantly blunted independent of the ovarian phase. Interestingly, passive smokers have a markedly exaggerated response to the strong, non-baroreflex-mediated, cold pressor stimulus, suggestive of a central, neuroexcitatory effect of secondhand smoke. These findings support the notion that abnormal levels of SNA in premenopausal women exposed to cigarette smoke contribute to increased cardiovascular risk. Once the mechanisms underlying sustained SNA levels associated with smoking are confirmed, therapies can be directed accordingly, such as antioxidants (ascorbic acid) to restore baroreceptor sensitivity. Meanwhile, the finding that SNA patterns revert to the pattern seen in never smokers adds support to the notion that it is never too late for smoking cessation. 
